A quantum-optical model is applied to address the question of criteria for lasing in a thresholdless laser where the intensity jump, customarily used to indicate transition to lasing, is missing.
Advances in nanofabrication techniques have enabled development of optical cavities that extends optical-mode confinement from one-dimensional to three-dimensional. An interesting and potentially useful consequence is the possibility of channeling all emission (spontaneous and stimulated) into one cavity mode (unity spontaneous emission factor or E = 1). Among the cavity-quantum-electrodynamics phenomena is thresholdless lasing.
There exist several ways to explain the concept of lasing. Examples include stimulated emission driven amplification, oscillations from optical feedback and phase transitions. All these descriptions lead to the phenomenon of lasing threshold, where an abrupt transition occurs in light output. For nanolasers, especially thresholdless or close to thresholdless lasers, the intensity jump either becomes ambiguous or is totally missing. Consequently, the traditional concepts have to be reexamined, which presently leads to intense debate on criteria for lasing and location of laser threshold.
This paper describes a resolution to the controversies. A quantum-optical (quantized gain medium and quantized electromagnetic field) laser model [1] is developed and applied to investigate the emission properties of nanolasers, especially during transition to lasing. Figure 1 shows the basic experimental configuration, consisting of a semiconductor active medium inside an optical nanocavity. Laser gain is generated by current injection into a quantum well embedding an inhomogeneously-broadened distribution of quantum dots. Central to the physics is rigorous treatment of light-matter correlations (red double arrow), characterized by coupling coefficient g. Figure 2 plots emission properties computed for a nanolaser for spontaneous emission factor ߚ = 1. The input-output curve does not exhibit the 'S' shape expected of conventional lasers, even though the current extends to values giving very high photon number. The lack of an intensity jump suggests thresholdless lasing. However, Figs. 2(b) and 2(c) indicate that while the transitions are somewhat smooth, there are still regions with distinct emission properties. In the case of the equal-time secondorder photon correlation, measured with a Hanbury-Brown-Twiss experimental setup, there is still a low current range, where ݃ (ଶ) (0) is close to the thermal radiation value of 2, and the lasing regime, where ݃ (ଶ) (0) = 1. The coherence length behavior in Fig. 2(c) shows significant increases when lasing threshold is passed. Hence, while there is no of indication of cross-over to lasing in the input-output plot, the 2 nd order photon correlation and coherence time maintain transition regions indicating laser operation passing from thermal to coherent regime. This general result should also apply to nanolasers operating with quantum-well gain media.
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Figure 2. Injection current dependences of (from left to right) photon number, equal-time 2 nd order photon correlation and coherence time for quantum-dot gain medium in a cavity giving spontaneous emission factor E = 1, where there is total channeling of spontaneous emission into lasing mode.
